Introduction {#S0001}
============

Gastric cancer (GC), ranking fifth in incidence among all cancers, is one of the most deadly cancers, especially in developing countries.[@CIT0001] Due to the lack of specific symptoms and tendencies toward tumor invasion and metastasis, most patients are diagnosed with GC at an advanced stage. Perioperative treatment might be curative for patients with early-stage gastric cancer, but chemotherapy constitutes the main current therapy for gastric cancer patients.[@CIT0002] Therefore, it is critical to understand the molecular and cellular mechanisms underlying gastric cancer progression and metastasis and to identify new medicines or therapies for the treatment of GC.

Statins, specific inhibitors of 3-hydroxy-methylglutaryl CoA reductase (HMGCR), are widely used to treat hypercholesterolemia and prevent cardiovascular diseases.[@CIT0003] 3-Hydroxy-methylglutaryl CoA reductase (HMGCR) catalyzes the rate-limiting, mevalonate production step in the mevalonate pathway for the biosynthesis of isoprenoids and downstream products, such as cholesterol, dolichol, and ubiquinone.[@CIT0004] HMGCR expression was found to be upregulated in gastric cancer and promotes the growth and migration of cancer cells.[@CIT0005] Remarkably, recent studies in vitro and in vivo have found that in addition to their cholesterol reduction effects, statins also have multiple anticancer effects, such as antiproliferative, proapoptotic, antiangiogenic, immunomodulatory, and anti--invasive effects, which make them promising therapeutic agents against many cancers, such as liver cancer, colon cancer, and breast cancer.[@CIT0004],[@CIT0006] However, the role of statins in gastric cancer remains elusive.

The Hippo pathway is an evolutionarily conserved regulator of tissue growth and cell fate, and an increasing number of studies have observed mutations and altered expression patterns in a subset of Hippo pathway genes in human cancers.[@CIT0007] Moreover, deregulation of the Hippo pathway is strongly associated with initiation, development and distant metastasis in human gastric cancer.[@CIT0008],[@CIT0009]

The Wnt/β-catenin pathway plays a vital role in orchestrating complex cellular behaviors during development, tissue homeostasis, and cancer.[@CIT0010],[@CIT0011] Approximately 10--30% of human gastric tumors displayed deregulated Wnt signaling,[@CIT0012] and a significant number of Wnt pathway mutations were confirmed in GC by the latest TCGA study.[@CIT0013] As resistance to current chemotherapy is common, targeting the Wnt pathway may be a potential strategy for the treatment of GC.[@CIT0014]

In our study, we investigated whether statins could antagonize the progression of gastric cancer cells and tried to determine whether the molecular mechanism depended on YAP and β-catenin signaling.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

The gastric cancer cell lines MKN45 and MGC803 were purchased from ATCC (American Type Culture Collection). All cell lines were maintained in DMEM (Gibco Laboratories, Grand Island, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Gaithersburg, USA). Cell cultures were maintained at 37°C in a humidified 5% CO2 and 95% air incubator.

Transfection {#S0002-S2002}
------------

The siRNAs targeting YAP, RhoA, β-Catenin and the control were designed and synthesized by RiboBio (Guangzhou, China). The sequences of the siRNAs used in this study were as follows: siYAP: 5ʹ-GACAUCUUCUGGUCAGAGA-3ʹ, siRhoA: 5ʹ-GACAUGCUUGCUCAUAGUCTT-3ʹ, sicontrol: 5ʹ-AAUUCUCCGAACGUGUCACGUUU-3ʹ, and siβ-catenin: 5ʹ-GGUGGUGGUUAAUAAGGCU-3ʹ. The plasmids pcDNA3.1, pcDNA3.1YAP, pcDNA3.1β-Catenin and pcDNA3.1RhoA-V14 were generated in our laboratory. The siRNAs and plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.

Western Blot Analysis {#S0002-S2003}
---------------------

Cells were lysed with RIPA buffer containing a protease inhibitor cocktail (Sigma-Aldrich) and then quantified with a BCA protein assay (Pierce Chemical Co, USA). Approximately 20 μg total protein was loaded on a 10% or 12% SDS-PAGE gel, separated electrophoretically and then transferred to NC membranes (Millipore, Bedford, USA). Finally, protein expression was detected using an ODYSSEY Infrared Imaging System (LI-OR Biosciences, Lincoln, USA). Antibody against CYR61 was purchased from Sangon Biotech. Antibodies against RhoA, GAPDH, and β-catenin were purchased from Santa Cruz Biotechnology. Antibodies against YAP, p-YAP (Ser127), c-Myc, and cyclin D1 were purchased from Abcam.

Cell Proliferation Assay {#S0002-S2004}
------------------------

Cells were seeded (4×10^3^ cells per well in 100 μL) in a 96-well flat-bottomed plate 24 h before treatment. After an incubation for 48--72 h, cell growth was measured using a Cell Counting Kit-8 assay (Dojingdo, Kumamoto, Japan) according to the manufacturer's instructions.

Crystal Violet Assay {#S0002-S2005}
--------------------

Equal number of control cells and experimental cells were seeded in 12-well plates and cultured in medium supplemented with 10% FBS at a density of 1000 cells/well. The medium was changed every other day. After ten days of culture under the standard conditions, the medium was removed and the cells were stained with 0.5% crystal violet solution in 20% methanol. After staining for 10 mins, the fixed cells were washed with phosphate-buffered saline (PBS) and photographed.

Fluorescence {#S0002-S2006}
------------

To analyze the F-actin cytoskeleton, cells were washed with phosphate-buffered saline (PBS) and then fixed for 5 mins in 3.7% formaldehyde solution in PBS. Then, the cells were washed extensively in PBS. The gastric cancer cells were dehydrated with acetone, permeabilized with 0.1% Triton X-100 in PBS and washed again in PBS. Then, the cells were stained with a 50 mg/mL fluorescent isothiocyanate (FITC)-conjugated phalloidin (Sigma-Aldrich, P5282) solution in PBS for 40 mins at room temperature, and then washed several times with PBS to remove unbound phalloidin conjugate. The gastric cancer cells were rinsed and mounted on slides in glycerol. The fluorescence was detected using a fluorescence microscope (Eclipse TE300, Nikon, Japan), and image analysis was completed with Photoshop software (Adobe).

GST Pull-Down Assay {#S0002-S2007}
-------------------

Inoculate 5 mL of LB broth with ampicillin (100 μg/mL) in a culture vial with a single colony of BL21 strain of E. coli (transformed with Rhotekin plasmid) and incubate overnight at 37°C with shaking at 200 rpm until O. D 600 of 0.8--0.9 is achieved. Induce the culture with 0.6 mM conc. of IPTG for 6 hrs at 33.5°C. Harvest the cells by centrifugation and wash the cells twice with ice-cold 1X PBS. Resuspend the pellet in Cell Lysis Buffer and broke the cells by a sonic oscillator (15 s for 20 times at 1 min intervals). Spin at 12,000 rpm at 4°C for 3 min. Transfer the supernatant carefully to a new tube and add 50 μL GSH beads (Sigma). Then mix well by a mixer at 4°C for 2 hrs. Use the same cell Lysis Buffer lysate cancer cells, mix well and then spin at 12,000 rpm at 4°C for 15 min. After detecting the concentration of protein, add a same amount of protein to beads for each sample. Add ice-cold 1X PBS to make the whole volume 1mL, and mix well by the mixer at 4°C for 2 hrs. Spin at 12000rpm at 4°C for 5 min, decant the supernatant carefully and wash the beads three times with 1mL ice-cold 1X PBS. Add 50 μL 2X loading buffer, boil the samples for 10 min. Spin at 12000rpm at 4°C for 5 min, and use the supernatant to do Western blot.

Data Analysis {#S0002-S2008}
-------------

Statistical analyses were performed using GraphPad Prism 6 software. Comparisons between the values from two groups were performed using Student's t-tests and comparisons between multiple groups were performed by analysis of variance. The significance level was set at P \< 0.05.

Results {#S0003}
=======

Effects of Simvastatin on the Morphology, Proliferation, Migration, Apoptosis, and Invasion of Gastric Cancer Cells {#S0003-S2001}
-------------------------------------------------------------------------------------------------------------------

To determine the effect of simvastatin on gastric cancer cells, MKN45 and MGC803 cells were treated with simvastatin at different concentrations varying from 0 to 60 μM for 24 or 48 h. As indicated in [Figure 1A](#F0001){ref-type="fig"}, after treatment with simvastatin for 48 h, the morphology of the two cell lines changed significantly from a fusiform shape to a round shape. The proliferative activity of the two cell lines was detected by a Cell Counting Kit-8 assay ([Figure 1C](#F0001){ref-type="fig"}) and clone formation assay ([Figure 1B](#F0001){ref-type="fig"}), which both showed that simvastatin retarded the growth of gastric cancer cells in a concentration-dependent manner. Moreover, cell apoptosis was assessed with flow cytometry, and the result showed that simvastatin induced both early and late apoptosis in the two gastric cancer cell lines ([Figure 1D](#F0001){ref-type="fig"}). In addition, a scratch assay showed that simvastatin inhibited the migration of gastric cancer cells ([Figure 1E](#F0001){ref-type="fig"}), and the Matrigel-coated Transwell assay further confirmed that simvastatin suppressed the invasiveness of gastric cancer cells ([Figure 1F](#F0001){ref-type="fig"}).Figure 1Effects of simvastatin on the morphology, proliferation, migration, apoptosis, and invasion of gastric cancer cells. (**A**) The morphologies of MKN45 and MGC803 cells changed from a fusiform shape to a round shape after treatment with simvastatin for 48 h. (**B**) MKN45 and MGC803 cells were treated with simvastatin for approximately 7 days at concentrations of 5 µM and 7.5 µM, respectively. (**C**) The effects of simvastatin on the proliferation of MKN45 and MGC803 cells were detected by a CCK8 assay. (**D**) The effects of simvastatin on apoptosis in MKN45 and MGC803 cells were detected by flow cytometry, and the data on the early and late apoptotic cells were counted. (**E**) Cell migration abilities were determined by wound healing assay. The relative wound width = wound width at 0 h, or 48 h/wound width at 0 h. (**F**) The migratory abilities of MKN45 and MGC803 cells after treatment with simvastatin were assayed with a Matrigel-coated Transwell assay. The cells that successfully migrated into the lower chamber were quantified at 48 h after plating. The data are shown as the mean ± SD of three independent experiments. A Student's two-tailed *t* test was used for the statistical analysis (\*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001, and \*\*\*\*P \< 0.0001).

Simvastatin Treatment Inhibits YAP and β-Catenin Signaling in Gastric Cancer Cells {#S0003-S2002}
----------------------------------------------------------------------------------

The Wnt pathway and Hippo pathway play critical roles in the carcinogenesis of gastric cancer.[@CIT0009],[@CIT0011] Therefore, we tested whether simvastatin treatment could regulate the core effectors of the Wnt pathway and Hippo pathway as well as their downstream targets.

As shown in [Figure 2A](#F0002){ref-type="fig"}, the expression levels of β-catenin, the core effector of the Wnt pathway, and its downstream targets c-Myc and Cyclin D1 were significant decreased with the increasing concentrations of simvastatin compared with control treatment.Figure 2Simvastatin inhibits YAP and β-catenin signaling in gastric cancer cells. MKN45 and MGC803 cells were treated with simvastatin at increasing concentrations. Western blot analysis showed that simvastatin downregulated the β-catenin protein levels and the protein levels of the downstream molecules c-Myc and cyclin D1 (**A**). YAP activity was inhibited by simvastatin (**B**). Both effects were dose-dependent. The data are shown as the mean ± SD of three independent measures. A Student's two-tailed *t* test was used for the statistical analysis (\*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001, and \*\*\*\*P \< 0.0001).

We also investigated the levels of YAP, the core effector of the Hippo pathway, Ser127-phosphorylated YAP and the YAP target CYR61. Phosphorylation of YAP at Ser127 induces translocation of YAP from the nucleus to the cytoplasm, and CYR61 is a target gene of the transcriptional YAP/TEAD complex. As shown in [Figure 2B](#F0002){ref-type="fig"}, compared with control treatment, simvastatin induced an increase in the LATS1 protein level and phosphorylation level of YAP at Ser127 and a decrease in the levels of CYR61 in MKN45 and MGC803 cells, while the total level of YAP protein remained almost unchanged. Together, these results indicated that simvastatin could inhibit the activity of YAP and β-catenin in gastric cancer cells.

YAP and β-Catenin Form a Positive Feedback Loop in Gastric Cancer Cells {#S0003-S2003}
-----------------------------------------------------------------------

Previous studies have revealed that YAP and β-catenin could form a positive feedback loop and play an important role in the carcinogenesis of several cancers.[@CIT0015],[@CIT0016] Here, we tried to determine whether positive feedback regulation also existed in gastric cancer. First, we investigated the effects of YAP expression knockdown in MKN45 and MGC803 cells. As expected, compared with normal YAP expression, the knockdown of YAP expression significantly reduced the expression of the downstream target CYR61 as well as the levels of β-catenin and its downstream targets c-Myc and Cyclin D1 ([Figure 3A](#F0003){ref-type="fig"}). Compared with normal β-catenin expression, the knockdown of β-catenin expression decreased the expression of its targets c-Myc and Cyclin D1, the activity of YAP and the protein level of the YAP downstream target CYR61 ([Figure 3A](#F0003){ref-type="fig"}). To investigate whether the overexpression of YAP could reverse the simvastatin treatment-induced downregulation of β-catenin and its downstream targets, the constitutively active YAP-5SA plasmid and the control plasmid were transfected into these two cell lines. The results showed that the forced expression of active YAP could partially counteract the effects of simvastatin treatment on the expression of CYR61, β-catenin, c-Myc and Cyclin D1 ([Figure 3B](#F0003){ref-type="fig"}). Moreover, we used two methods to enhance the Wnt/β-catenin pathway, overexpression of wild-type β-catenin or treatment with LiCl, which could induce the accumulation of β-catenin, enhancing the activation of Wnt/β-catenin signaling.[@CIT0017]--[@CIT0019] As shown by Western blot we found that the upregulation of β-catenin could partially reverse the effects of simvastatin treatment on the expression of c-Myc, Cyclin D1, CYR61 and YAP ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). In summary, simvastatin could inhibit the malignant behaviors of gastric cancer cells by simultaneously downregulating the activities of YAP and β-catenin, and YAP and β-catenin form a positive feedback loop in GC.Figure 3The crosstalk between YAP and β-catenin in gastric cancer cells. (**A**) MKN45 and MGC803 cells were transfected with control, siYAP or siβ-catenin. MKN45 and MGC803 cells were transfected with control, YAP-5SA (**B**) or β-catenin plasmid (**C**). LiCl-treated MKN45 and MGC803 cells were assessed by Western blotting (**D**).

RhoA Mediated the Simvastatin-Induced Inhibition of YAP and β-Catenin Signaling in Gastric Cancer Cells {#S0003-S2004}
-------------------------------------------------------------------------------------------------------

From the microscopy studies, we found that simvastatin treatment could change the morphology of gastric cancer cells. Further immunofluorescence experiments showed that simvastatin treatment induced F-actin cytoskeleton fragmentation ([Figure 4A](#F0004){ref-type="fig"}). Filamentous actin is the main component of the cytoskeleton, and Rho GTPases are well-known organizers of the F-actin cytoskeleton.[@CIT0020] Thus, we detected the activity of RhoA and found that the level of total RhoA increased with increasing concentrations of simvastatin, while active RhoA levels were found to be decreased by GST pulldown assay ([Figure 4B](#F0004){ref-type="fig"}). Several previous studies have shown that the mevalonate pathway regulates YAP activity through the activation of Rho GTPases.[@CIT0021],[@CIT0022] Next, we investigated whether simvastatin was able to affect YAP and β-catenin activity through RhoA in gastric cancer cells. As shown by Western blotting, the knockdown of RhoA expression decreased the levels of YAP and β-catenin in MKN45 and MGC803 cells ([Figure 4C](#F0004){ref-type="fig"}). Moreover, the overexpression of constitutively active RhoA-V14 was sufficient to counteract the effects of simvastatin on YAP and β-catenin in the HEK293 cell line ([Figure 4D](#F0004){ref-type="fig"}). In conclusion, simvastatin changes the morphology of gastric cancer cells by suppressing the activity of Rho GTPases, which in turn inhibits YAP and β-catenin signaling.Figure 4RhoA-mediated regulation of the cytoskeleton mediated the simvastatin-induced inhibition of YAP and β-catenin signaling in gastric cancer cells. (**A**) Simvastatin changed the cell morphology and induced F-actin cytoskeleton fragmentation in MKN45 and MGC803 cells. (**B**) The levels of total RhoA and GTP-RhoA in MKN45 and MGC803 cells after treatment with simvastatin are shown. (**C**) MKN45 and MGC803 cells were transfected with control or RhoA siRNAs. (**D**) HEK293 cells were transfected with control or RhoA-V14 plasmid.

Geranylgeranyl Pyrophosphate Prevents Simvastatin-Induced Effects on Gastric Cancer Cells {#S0003-S2005}
-----------------------------------------------------------------------------------------

Since the mevalonate-derived prenyl groups, which are intermediates in the HMG-CoA reductase pathway, are essential lipid anchors for active small GTPase proteins in cells, we tried to determine whether farnesyl pyrophosphate (FPP) or geranylgeranyl pyrophosphate (GGPP) could reverse the effects of simvastatin on the two gastric cancer lines or whether they were the upstream regulators that mediated the simvastatin-induced downregulation of YAP activity and β-catenin expression in the gastric cancer cell lines. As shown by a Cell Counting Kit-8 assay, the simvastatin-induced inhibition of cell viability was reversed by supplementation with GGPP ([Figure 5A](#F0005){ref-type="fig"}), while FPP supplementation could not reverse this effect ([Figure 5B](#F0005){ref-type="fig"}). Western blot results also showed that GGPP, but not FPP, reversed the effects of simvastatin on the YAP, CYR61, β-Catenin, Cyclin D1, and c-Myc protein levels ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). GGPP, but not FPP, almost completely prevented the statin-induced inhibition of cell viability seen in this study. Together, the above data indicated that GGPP mainly mediated the simvastatin-induced inhibition of YAP and β-catenin.Figure 5Geranylgeranyl pyrophosphate reverses the simvastatin-induced effects on gastric cells. GGPP reversed the effects of simvastatin on the proliferation (**A**) and protein levels (**C**) of MKN45 and MGC803 cells. FPP could not change the effects of simvastatin (**B** and **D**). The data are shown as the mean ± SD of three independent measures. A Student's two-tailed *t* test was used for statistical analysis (\*\*P \< 0.01 and \*\*\*P \< 0.001).

Discussion {#S0004}
==========

Recently, some clinical studies have shown that statin use may be associated with a lower risk of GC,[@CIT0023]--[@CIT0025] whereas other studies have shown no beneficial effect.[@CIT0026],[@CIT0027] The reasons for the negative clinical trial results might be that the sample sizes of the randomized clinical trials were too small, the concentrations of statins in these trials were lower, or the treatment durations were shorter than those of the in vitro experiments. In studies about the effects and mechanisms of statins on cancer cells, like our study, the concentration of statins that can inhibit cancer cells is more than 5 μM (2.09ug/mL). However, the IC~50~ of simvastatin inhibits sterol synthesis in vitro is less than 20nM (8.37ng/mL).[@CIT0028] And for humans, taking simvastatin as a lipid-regulating agent, the C~max~ of simvastatin is less than 120nM (50.19ng/mL).[@CIT0029] Correlation between in vitro and in vivo concentration-effect relationships can be so complicated that we should not simply compare these concentrations.[@CIT0030] But we may be able to assume that the dose of simvastatin needed to treat cancer is much higher than the one used for treating cardiovascular diseases. Therefore, the differences between placebo and statins as well as the antitumor effects of statins still need further exploration.

YAP, the core effector of the Hippo pathway, has been defined as the candidate oncogene in several cancers.[@CIT0031] Studies in vivo have shown that YAP inhibition dramatically suppressed tumor formation driven by other Hippo pathway alterations. Dysregulation of the Hippo pathway promotes the proliferation and metastasis of gastric cancer, whereas the inhibition of the Hippo pathway effector proteins YAP and TAZ shows great promise in many preclinical models. The Wnt/β-catenin pathway plays a key role in gastric cancer pathogenesis, and its complex functions are highly dependent on the transcriptional output of β-catenin.[@CIT0032] β-catenin activation is associated with carcinogenesis and metastasis in gastric carcinoma. Consequently, patients with gastric cancer may benefit from drugs targeting both pathways. In our study, we found a positive feedback loop between YAP and β-catenin, which contrasts with previous studies that showed that YAP/TAZ inhibit Wnt/β-catenin signaling in vivo and in vitro.[@CIT0033],[@CIT0034] The alternative Wnt signaling pathway activates YAP/TAZ, which antagonize Wnt/β-catenin signaling via TEAD-mediated gene transcription during adipocyte differentiation.[@CIT0015] However, we found that the reciprocal activation of YAP and β-catenin was an important mechanism for the effect of simvastatin on gastric cancer cells. We still lack a unified model regarding the mechanism of feedback, and more research should be conducted to further our investigation.

GGPP could almost completely prevent the statin-induced inhibition of cell viability seen in this study, but FPP could not. This result was in agreement with previous studies that reported that the addition of GGPP but not FPP overcame statin-induced apoptosis or growth inhibition in tumor cells.[@CIT0035]--[@CIT0037] The lack of an effect from the addition of FPP might be explained by the lack of isopentenyl-PP, which is required to convert FPP to GGPP.[@CIT0038] Interesting, in [Figure 5](#F0005){ref-type="fig"}, we could see that although FPP could not reverse the effect of simvastatin on YAP, FPP did have some effects on the β-Catenin, Cyclin D1, and c-Myc protein levels; the mechanism needs further study. RhoA, a geranylgeranylated protein that can be modified by GGPP, can regulate the activation of YAP. In our study, we found that RhoA could regulate β-catenin, but whether it was an immediate action or an effect that occurred through the regulation of YAP needs further investigation.

Conclusions {#S0005}
===========

The potential role of statins as anticancer agents in various tumor types has been revealed systematically. In this study, we demonstrated that simvastatin could promote apoptosis and inhibit proliferation and metastasis in gastric cancer cells. The mechanism might be that the statin inhibits HMGCR, downregulating geranylgeranyl pyrophosphate (GGPP), which is an essential substrate for the posttranslational modification of RhoA. Then, the decrease in the active RhoA level leads to the inhibition of YAP and β-catenin activity, while the decreases in the YAP and β-catenin activity levels could mutually promote the decrease in the activity of the other protein ([Figure 6](#F0006){ref-type="fig"}). Together, statins may be promising drugs for the treatment of gastric cancer, and further investigations should be carried out in clinical trials.Figure 6A proposed model for the regulation of YAP and β-catenin signaling by simvastatin in gastric cancer.
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